The efficiency of biocatalytic reactions involving industrially interesting reactants is often constrained by toxification of the applied biocatalyst. Here, we evaluated the combination of biologically and technologically inspired strategies to overcome toxicity related issues during the multi-step oxyfunctionalization of (R)-(+)-limonene to (R)-(+)-perillic acid. Pseudomonas putida GS1 catalyzing selective limonene oxidation via the p-cymene degradation pathway and recombinant P. taiwanensis VLB120 were evaluated for continuous perillic acid production. A tubular segmented-flow biofilm reactor was used in order to relieve oxygen limitations and to enable membrane mediated substrate supply as well as efficient in situ product removal. Both P. putida GS1 and P. taiwanensis VLB120 developed a catalytic biofilm in this system. The productivity of wild-type P. putida GS1 encoding the enzymes for limonene bioconversion was highly dependent on the carbon source and reached 34 g L tube -1 day -1 when glycerol was supplied.
Introduction
Many interesting reactants for industrially relevant biotransformations can be classified as hydrophobic solvents, which are toxic to the biocatalyst by affecting the cellular viability. This will result in reduced biocatalyst efficiencies and lower reactor productivities in synthetic processes.
One of the major challenges in whole cell biocatalysis is overcoming process constraints caused by solvent toxicity (Heipieper et al., 2007; Xue and Woodley, 2012) . Solvent toxicity may be counteracted by biologically and/or technologically inspired strategies. Technologically oriented approaches often exploit multiphasic production systems (Lima-Ramos et al., 2014; Straathof, 2003) taking advantage of the enhanced solubility of toxic reactants/products in water immiscible phases, while the whole cell biocatalyst resides in the aqueous environment (Hack et al., 2000; Stark and von Stockar, 2003) . The concentration of the respective compound is thus kept below toxic levels in the aqueous biocatalyst environment. Likewise, strategies for controlled substrate supply and continuous product removal can be employed to reduce contact time between the biocatalyst and the toxic product (Hilker et al., 2006; Schewe et al., 2015) . Biologically inspired strategies include the utilization of naturally solvent tolerant production strains (Inoue and Horikoshi, 1989) . Several Pseudomonas species, for instance, feature adaptive mechanisms such as morphological changes, alteration of membrane fluidity, or modification of surface properties to overcome toxic effects of solvents (Heipieper et al., 2007; Segura et al., 2012) .
The exploitation of alternative biocatalyst configurations such as resting instead of growing cells or immobilized instead of suspended cells are additional powerful strategies to cope with toxic reactants (Willrodt et al., 2015) . Naturally immobilized cells on a surface embedded in a selfproduced matrix of extracellular polymeric substances are referred to as biofilms (Costerton et al., 1995) . Microbial cells that are immobilized in biofilms are described to exhibit significantly enhanced tolerance towards antimicrobial agents (Costerton et al., 1995) and organic solvents (Halan et al., 2011; Halan et al., 2016; Li et al., 2006) . This increased tolerance is often attributed to both physical parameters such as limited exposure of toxic reactants and biological parameters such
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This article is protected by copyright. All rights reserved as adaptive stress responses, lower metabolic activity, or the formation of persister cells (Stewart, 2002; Walters et al., 2003) . Microbial biofilms have a long-lasting success in biological waste water treatment (Qureshi et al., 2005) and bioremediation (Singh et al., 2006) , but can also be applied as living biocatalysts in continuous chemical syntheses (Halan et al., 2012) .
P. taiwanensis VLB120ΔC, a biofilm forming bacterial strain was cultivated in a segmented flow biofilm reactor set-up and productivities of up to 164 g L tube -1 day -1 (~46.5 g m 2 d -1 ) for the one-step synthesis of (S)-styrene oxide from styrene were reported. This productivity was achieved by genetically engineering adherence properties of the whole-cell biocatalyst (Schmutzler et al., 2016) .
Very recently, also the oxyfunctionalization of cyclohexane to cyclohexanol has also been realized in a continuous production system with recombinant P. taiwanensis VLB120 .
The application of a biofilm as a catalyst format relieved substrate and product toxicity by using a silicone membrane with dual purpose. The membrane mediated the substrate supply and simultaneously constituted the growth surface.
This work harnesses the advantages of both the biofilm catalyst and the segmented flow-through bioreactor concept for the three-step biooxidation of a readily available volatile monoterpene limonene to the high value but toxic compound perillic acid. Perillic acid is an attractive target for the pharmaceutical and cosmetic industries due to its cytotoxicity to cancer cells (Boon et al., 2000) and its antimicrobial properties (Duelund et al., 2012) , respectively. An integrated bioprocess for perillic acid production uses a solvent tolerant P. putida GS1 catalyzing limonene oxidation via the native p-cymene degradation pathway involving the enzymes CymA, CymB, CymC (Fig. 1B ) (Mars et al., 2001; Speelmans et al., 1998) . However, this approach still suffered from process instabilities due to toxification of the biocatalyst. P. putida GS1 accumulates perillic acid as the sole limonene oxidation product, which cannot be further degraded, due to the lack of an aromatic ring structure, present in the native substrate p-cumate. End-product toxification was overcome by solidliquid extraction of perillic acid using an anion exchange resin (Mirata et al., 2009 ). We developed a biofilm based process concept as an alternative strategy for overcoming toxicity limitations by
This article is protected by copyright. All rights reserved exploiting the catalytic performance of the native strain P. putida GS1 and the likewise solventtolerant recombinant P. taiwanensis VLB120 which has been extensively studied in fine-chemical synthesis (Gross et al., 2010; Gross et al., 2013; Karande et al., 2014; Schmutzler et al., 2015) . This optimized process stability during perillic acid production and resulted in the continuous production of perillic acid as the sole oxidation product. The potential to perform multi-step, i.e., multiple consecutive reaction steps catalyzed by individual enzymes, biotransformation in an aqueous-air segmented flow biofilm reactor setup is demonstrated.
Materials & Methods
Chemicals and oligonucleotides. Anhydrous D-(+)-glucose was purchased from Alfa Aesar (Karlsruhe, Germany). Custom synthesized oligonucleotides were purchased from Sigma Aldrich (Steinheim, Germany). All other chemicals were obtained from AppliChem (Darmstadt, Germany), Sigma Aldrich (Steinheim, Germany), or Carl Roth (Karlsruhe, Germany) at the highest purity available.
Bacterial strains and plasmid construction. Wild-type P. putida GS1 (DSM 12264) was obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). Cloning of genes was performed by an in vitro assembly method (Gibson et al., 2009 ).
Reagents were obtained from Thermo Scientific (Schwerte, Germany). Phusion™ high fidelity polymerase was used according to the manufacturer instructions. E. coli DH5α was used for all molecular biology manipulations. Genomic DNA of P. putida GS1 was isolated using the peqGOLD Bacterial DNA kit (peqLAB, Erlangen, Germany). The primers were designed on the basis of the available genome sequence of P. putida F1 (GenBank ID: CP000712.1). The open reading frames (ORFs) for the cymene monooxygenase cymAa and the adjacent reductase cymAb were amplified from the genomic DNA using the primers PCW085 (5'-GGAACCAGTAC-TGGAGAATTCCATAATGTGGGAATACATCAAGTAC-3') and PCW086 (5'-ACGGAT-CCCGGGCGCGCCAAGCATACAATTAGCCTTTAGGAGTTCC-3'). PCR settings were set to
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(5 min), 80-160°C (7.5°C min -1 ), 160-300°C (40°C min -1 ), and 300°C (5 min). Concentrations were determined with standard curves using (R)-(+)-limonene, and the (S)-enantiomers of perillyl alcohol, perillyl aldehyde, and perillic acid. Standard solutions were prepared in M9* medium and subsequently extracted by the addition of an equal volume of diethyl ether (Et 2 O), with 0.2 mM dodecane as an internal standard, and vigorous mixing. The phases were separated by centrifugation (room temperature, 17000 g, 2 min) and the organic phase was dried over anhydrous Na 2 SO 4 prior to GC analysis.
The concentrations of glycerol and citrate were assessed by HPLC as described elsewhere (Gross et al., 2010) and cell dry weight in dispersed cultures was calculated from the measured turbidity using the respective conversion factor (LibraS11, Biochrom Ltd., Cambridge, UK, OD 450 = 1 equals 0.186 and 0.223 g cdw L -1 for P. taiwanensis VLB120 (Lang et al., 2014) and P. putida (Ütkür et al., 2011) , respectively).
Limonene toxicity assays. Precultures were incubated as described above. Limonene toxicity was assessed by adding different amounts (0 -250 mmol L -1 ) of (R)-(+)-limonene directly after inoculation of the main culture (25 mL M9* medium, 250 mL baffled Erlenmeyer flask, 0.5% (w/v) citrate) with M9* overnight cultures of P. taiwanensis VLB120 or P. putida GS1. In addition to the amounts of limonene added to the aqueous phase, 1 mL of limonene was added to an evaporation container attached to the lid of the flask to saturate the gaseous phase. The flask was sealed tightly to prevent evaporation. Biomass was assessed after 16 h of cultivation at 30°C (after washing twice with 0.1 M potassium phosphate buffer).
Perillic acid toxicity assays. One gram of (S)-(-)-perillic acid was dissolved in 4 mL aqueous 2 mol L -1 NaOH. The pH was adjusted to 11.5 by adding 10 mol L -1 sodium hydroxide and water was added to a final volume of 20 mL. This solution was diluted to the desired 2.5-fold concentrated stock solutions (0 -150 mmol L -1 ) with 0.4 mol L -1 NaOH. 0.4 mL of these stock solutions were mixed with 0.6 mL M9* medium (1.667-fold concentrated) supplemented with
This article is protected by copyright. All rights reserved 0.8% (w/v) citrate in a 15 mL cultivation tube. Perillic acid was soluble in alkaline stock solutions and did not precipitate upon dilution with the medium, although the solubility in aqueous systems (~0.8 mmol L -1 ) was exceeded. Forty µL of a M9* overnight culture of P. taiwanensis VLB120 or P. putida GS1 were added and biomass was assessed after 16 h of cultivation in a rotary incubator as described above. By preparing appropriate perillic acid stock solutions, the NaOH concentration in the different growth experiments was kept equal to prevent NaOH triggered growth biases. The pH of the M9* medium remained unaltered upon addition of the perillic acid stock solutions.
Resting cell assays. After incubation of P. taiwanensis VLB120 harboring either pCom10L:CymA or pCom10L:CymAB in M9* medium with citrate, 1 mM IPTG was added during the early exponential growth phase (OD 450 of ~0.6) and incubation was continued for 4 h. An aliquot of the cell suspension was centrifuged (4°C, 4618 g, 20 min) and resuspended to 0.6 -1.2 g cdw L -1 in potassium phosphate buffer (0.1 M, pH 7.4). From here, the assays were performed as described elsewhere (Cornelissen et al., 2011) .
Biofilm formation capacity. The determination of the biofilm forming capacity was conducted in a tubular reactors setup. M9 minimal medium containing either 0.5% (w/v) glucose, glycerol or citrate was pumped by a peristaltic pump (IPC High Precision Multichannel Dispenser, Ismatec, Wertheim, Germany). Silicon tubes (3 mm inner diameter, 1.5 mm wall thickness, 600 mm length)
were used as biofilm surface. Tygon tubes (2.06 mm inner diameter, Tygon R 3607, Ismatec, Wertheim, Germany) were used to connect the bubble traps and the medium reservoirs to the pumps. Prior to inoculation, the reactor was autoclaved and coiled within a flask which was then placed in a 30°C water bath. The reactors were inoculated with respective pre-cultures obtained as described above. The reactor was kept idle for 2 h without any medium flow. Afterwards the medium flow was set to 0.1 ml min -1 and operated for 2 days. Biomass was assessed gravimetrically after drying the sample at 85°C. Biofilm biomass was harvested under productive conditions and quantified after 12 days of continuous biofilm cultivation under segmented flow in presence of limonene.
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Production of perillic acid in a segmented flow biofilm reactor. For the biofilm-based perillic acid production in principle the same setup as described above was applied, but silicon tubes with an inner diameter of 2 mm, a wall thickness of 1 mm, and a length of 1000 mm were used (0.314 ml reactor volume, Fig. 1A ). Additionally, a second peristaltic pump was installed and connected to the system via a T-connector. After 3 days of continuous single phase flow (0.1 ml min -1 ), air segments were introduced at flow rates of 0.4 ml min -1 . 1 mM IPTG was supplied continuously via the feed stream (growth medium). Sterility of the introduced air segments was ensured by installing a syringe filter (0.2 µm, polyether sulfone membrane, VWR, Germany) (Fig. 1A) . Upon reactor inoculation, 20 mL (R)-(+)-limonene were added to the flask containing the coiled reactor tubing, submerging 20 -40% of the tubing into limonene. Perillic acid concentrations were assessed after extraction of the reactor outflow with Et 2 O at previously defined time points. Dilution rate: 2 h -1 (at least 4-5 times higher than the maximum specific growth rate of the strains used).
Purification of perillic acid. Amberlite IRA 410 Cl resin was used to adsorb perillic acid from the reactor outflow as described before (Mirata et al., 2009 ). Prior to use, the resin was treated with ethanol and water (Mirata et al., 2009) . Twelve grams of washed resin were applied to adsorb 80% of the perillic acid from 0.4 L reactor outflow within 4 h of binding. Perillic acid was eluted with a mixture of 4M HCl and ethanol (40:60, volumetric ratio) at 30°C. A second elution step was performed via ethyl acetate treatment. The aqueous and the organic fraction were combined and subjected to distillation in a rotary evaporator to remove ethanol and ethyl acetate. The precipitate was removed by filtration. The filtrate was treated with HCl to precipitate perillic acid.
Results
Recombinant P. taiwanensis VLB120 shows high perillic acid formation rates. As the biofilm forming strain P. taiwanensis VLB120 is not natively hydroxylating limonene, the respective genes had to be introduced heterologously. The genes for the monooxygenase (CymAa), the respective reductase (CymAb) and the putative p-cumic alcohol dehydrogenase (p-cumic ADH) were isolated
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P. taiwanensis VLB120 harbors a variety of alcohol and aldehyde dehydrogenases (Lang et al., 2014) . We hypothesized that the additional presence of the p-cumic aldehyde dehydrogenase would therefore not be necessary. Resting-cell activity assays have been performed supplying the substrate limonene to resting cells of P. taiwanensis VLB120 to verify functional expression of both recombinant genes. Resting cells of P. taiwanensis VLB120 harboring the monooxygenase CymA (pCom10L:CymA) showed perillyl alcohol but also perillyl aldehyde and perillic acid formation ( Fig. 2A) . Perillic acid was formed with rather constant rate of approximately 4.5 U g cdw -1 upon addition of 2 mM limonene. Apparently, native intrinsic dehydrogenases or CymA itself catalyzed further oxidation to the acid. Coexpression of the p-cumic ADH, however, led to increased perillic acid formation (Fig. 2B ) and doubled the specific production rate.
Although perillic acid was the major product in both cases, perillyl alcohol and aldehyde accumulated to a molar fraction of more than 50% (sum) when only cymA was expressed, whereas they constituted less than 10% when cymA and cymB were expressed simultaneously. In summary, it was verified that functional recombinant expression of the genes cymA and cymB in P. taiwanensis VLB120 was sufficient to produce perillic acid as the major product of limonene oxidation. In order to evaluate its competitiveness with the native production strain P. putida GS1 in a microbial perillic acid production process the impact of the reactants on the physiology of P. taiwanensis VLB120 and P. putida GS1 towards the reactants had to be investigated.
P. putida GS1 tolerates higher concentrations of perillic acid and limonene than P. taiwanensis VLB120. Toxicity assays were performed to compare the physiological response of both P. putida GS1 and P. taiwanensis VLB120 towards limonene and perillic acid. P. putida GS1 showed an exceptional tolerance towards the monoterpene limonene (logP = 4.46, (Sikkema et al., 1995) 
This article is protected by copyright. All rights reserved 3A). In contrast, the growth of P. taiwanensis VLB120 was completely inhibited by limonene concentrations between 50 and 75 mM (Fig. 3A) . The observed effect might have been due to phase rather than molecular level toxicity as limonene is barely soluble in water (~0.45 mM (Schmid et al., 1992) ).
Perillic acid (logP = 3.59, predicted, www.chemspider.com) was toxic for both bacterial strains, and growth was completely inhibited in either case at 60 mM. Interestingly, a different profile of perillic acid dependent growth inhibition was observed for P. taiwanensis VLB120 as compared to P. putida GS1 (Fig. 3B) . Biomass yields first dropped and then stayed constant between 10 and 35 mM perillic acid for P. taiwanensis VLB120 while it continuously dropped in P. putida GS1. A similar behavior with respect to the toxicity profile was also observed for the concentration dependent toxicity analysis of perillyl alcohol towards P. putida KT2440 (Cornelissen et al., 2011) .
It is therefore essential to regulate perillic acid concentrations below 35 mM in the aqueous phase for the development of an efficient production process.
Hydroxylation of limonene to perillic acid or perillic acid degradation was not observed with either strain. In P. putida GS1 limonene hydroxylation did most likely not occur due a lacking induction of the cym gene expression within the experimental time window of the toxicity tests. In conclusion, P. putida GS1 is superior in terms of resilience to both limonene and perillic acid as compared to P. taiwanensis VLB120. Nevertheless, P. taiwanensis VLB120 is a well-characterized biofilm producer and process parameters have been described for the biofilm-based production of toxic compounds such as (S)-styrene oxide (Gross et al., 2010; Halan et al., 2011) , octanol (Gross et al., 2013) , and (S)-3-hydroxyisobutyric acid (Lang et al., 2015) . Hence, P. taiwanensis VLB120 was still included as a potential production strain for perillic acid. The biofilm formation capability of P. putida GS1 was unknown and was thus investigated.
Biofilm formation capacity is dependent on the carbon source. In order to investigate whether P. putida GS1 is capable of forming biofilms, the strain was cultivated in M9* minimal medium
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For comparison, the well-characterized biofilm forming strain P. taiwanensis VLB120 was cultivated accordingly. The biofilm dry weight was assessed after three days of continuous flow with the respective medium. P. putida GS1 formed substantial amounts of biofilms (up to 7 g bdw m reactor -2 , bdw: biofilm dry weight) in the applied setup, independent of the carbon source supplied. In contrast, P. taiwanensis VLB120 showed a clear preference for citrate regarding biomass formation (15 g bdw m reactor -2 ) (Fig. 4A ). This preference is in agreement with the specific growth rates during batch cultivation in shake flasks of this strain with the respective carbon sources (data not shown). In conclusion, both strains showed to possess capabilities of biofilm formation producing perillic acid production. Therefore, the two Pseudomonas strains were investigated regarding their potential to produce perillic acid in a continuous flow-through system.
Biofilm-based perillic acid production is efficient with P. putida GS1 and glycerol as carbon source. Limonene biotransformation into perillic acid by P. putida GS1 in a controlled fed-batch reaction setup suffered from a relatively low production time (Mirata et al., 2009) . Continuous operation of the reactor would be desirable to this limitation. Therefore, a segmented-flow biofilm reactor setup that allowed for the continuous production of toxic perillic acid was developed (Fig.   1A ). The segmented-flow system was harnessed to prevent the limitation of oxygen for both cellular growth and the biocatalytic reaction (Karande et al., 2014) .
Both P. putida GS1 (Fig. 5A ) and P. taiwanensis VLB120 (pCom10L:CymAB) ( and P. taiwanensis VLB120 (pCom10L:CymAB), respectively. This productivity remained
This article is protected by copyright. All rights reserved unaltered high until the experiment was actively terminated 12 days after inoculation. Residual citrate concentrations of more than 4 g L -1 were detected at the reactor outlet in either case, indicating that availability of the carbon source did not limit production during steady state operation. The productivity of P. taiwanensis VLB120 (pCom10L:CymAB) biofilms for perillic acid formation (max. 2.6 -3.2 g L tube -1 d -1 ) remained unaffected by changing the carbon source from citrate to glycerol (Fig. 5B) . This however did not seem to match the difference in the amount of biomass formed during aqueous phase flow conditions (Fig. 4A ) or in segmented flow (Fig. S1 ).
Biomass formation for P. taiwanensis VLB120 (pCom10L:CymAB) under productive conditions with citrate as carbon source was doubled as compared to glycerol (14.6 vs. 7.3 g bdw m 2 , Fig. S1 ).
SDS-PAGE analyses (Fig. S2 ) indicated that cymB might have been less expressed during biofilm cultivation with citrate.
Interestingly, P. putida GS1 cultivated on glycerol produced significantly higher amounts of perillic acid at productivities of up to 15 g L tube -1 d -1 already during the first two days of cultivation in single aqueous flow. Additional supply of oxygen via air segments initially caused a drop in productivity due to washout of significant amounts of biomass. Afterwards a second generation biofilm was developed. In accordance with that, the productivity increased to a peak of 34 g L tube -1 d -1 on the eighth day after inoculation and levels at an average productivity of 22 g L tube -1 d -1 until the end of the experiment (12 days after inoculation). P. putida GS1 has formed 2.5-fold higher biomass (biofilm dry weight) with glycerol than with citrate after these 12 days of continuous cultivation.
In conclusion, continuous production of perillic acid is feasible with both wild-type P. putida GS1 and recombinant P. taiwanensis VLB120 (pCom10L:CymAB) with reasonably high volumetric productivities.
Adaptation of downstream processing yields highly pure perillic acid. Recovery of the reaction product from the fermentation broth is often challenging and hampered by low aqueous product concentrations (Woodley, 2008) . The purification of perillic acid has been optimized and reported to profit from a resin-based in situ product removal technique with an anion exchanger (Mirata et 
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The adsorbed perillic acid was eluted in two steps using 4 mol L -1 HCl/EtOH and ethyl acetate, respectively. After removing the solvent, perillic acid was obtained at a purity of approximately 96% (GC) and an isolation yield of 60%. This finally proves that the biofilm-based production in combination with a potent downstream technique can be utilized for the preparative production of the high value compound perillic acid.
Discussion
Basically, continuous bioproduction processes are desirable for commodity (or bulk) chemical production at industrial scale because of stable productivities, long running-times, and comparatively low operational maintenance requirements (Al-Kaidy et al., 2014) . However, the continuous bioproduction of compounds with physicochemical properties (e.g., volatility, toxicity) that do not match with native microbial products is constrained by both biological and technical parameters (Willrodt et al., 2015) . These biological and technical features were exploited by applying solvent-tolerant Pseudomonas species expressing the perillic acid biosynthesis pathway either natively or recombinantly in a segmented flow biofilm reactor. Both, P. putida GS1 and P. taiwanensis VLB120 have originally been isolated based on their capability of degrading toxic agents (Speelmans et al., 1998; Panke et al., 1998) . P. putida GS1 tolerated very high limonene concentrations, but growth was completely inhibited at perillic acid concentrations of 60 mM and higher. P. taiwanensis VLB120 was found to be generally more susceptible to both limonene and perillic acid. In contrast to perillic acid, limonene toxicity appeared to be caused by phase toxicity effects. Dissection of the difference between both strains and the underlying mechanisms would require more sophisticated genotypic and phenotypic analyses and was therefore beyond the scope of this study.
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The combination of the biocatalyst configuration of naturally immobilized cells and the segmentedflow biofilm reactor were harnessed for continuous perillic acid production and efficient product removal to prevent toxification. The productivity of P. putida GS1 for perillic acid production could be increased almost fourfold as compared to the fed-batch process (Mirata et al., 2009 ), partially as a result of the increased biomass density within the biofilm reactor. However, the comparison of these two systems is biased by the small volumes applied in the biofilm-based production setup.
The maximally achieved perillic acid concentrations at the outlet the biofilm reactor is rather low ~5.3 mM and remained below the critical concentration for suspended cells (approximately 39 mM for P. putida GS1). Thus, a further increase in productivity seems not yet to be limited by toxicity.
However, it has to be noted that local concentrations in the vicinity of the biocatalyst might be significantly higher because the catalytically active biofilm is located close to the silicone membrane.
The productivity of P. putida GS1 biofilm cultivated on glycerol is up to six-fold (four-fold after 12 days) higher than the productivity of the same strain cultivated on citrate. This implies that limonene availability and mass transfer were not limiting for the setup on citrate. An increase of the air flow rate to 0.6 mL min -1 in the glycerol-based cultivation did not result in a further increase in productivity (data not shown). This indicates that with citrate as carbon source, oxygen mass transfer was not limiting perillic acid production either. However, the 2.5-fold decreased biomass obtained ( Fig. S1 ) with citrate cannot quantitatively reflect the four-to six-fold decrease in productivity. We therefore attribute the increase in productivity to higher expression levels of the genes of the cym operon with glycerol as carbon source. This is in accordance to previously published results (Speelmans et al., 1998) . It might also be speculated that expression of the cym genes is subject to catabolite repression in the presence of organic acids including citrate (Kurbatov et al., 2006; Wolff et al., 1991) .
In contrast, perillic acid productivity with the recombinant strain P. taiwanensis VLB120 (pCom10L:CymAB) was not affected by the type of the carbon source, although biomass formation
This article is protected by copyright. All rights reserved under productive conditions was two-fold higher when citrate was applied as carbon source. A possible explanation could be the putatively reduced expression of cymB in the presence of citrate under productive conditions. The overall productivity of P. taiwanensis VLB120 (pCom10L:CymAB) is ~10-times lower than the productivity of P. putida GS1 during the glycerolbased cultivation, whereas the biomass formation was only fourfold low (Fig. S1) . Consequently, the increased performance of P. putida GS1 might also be attributed to other factors such as different ratios of cell mass to EPS matrix in biofilms or auxiliary roles of other strain specific enzymes, i.e., other dehydrogenases (CymC) or putative uptake proteins (CymD).
Yet, the achieved concentrations of perillic acid were significantly lower (max. 5.3 mM) compared to the previously reported fed-batch process (Mirata et al., 2009) . Here, the small volume of the tubular reactor has to be taken into account and considered as a tunable parameter by retaining the advantages gained from the miniaturization. It seemed logical to increase the catalytically active area simply by enhancing the longitudinal dimension of the tubular bioreactor. The use of a reactor length of 5 m in instead of 1 m for perillic acid production with P. putida GS1 cultivated on glycerol, however, resulted in decreased productivities and only a twofold increase in total product amount after 20 days of operation (data not shown). Most likely this can be attributed to an oxygen limitation, which might be overcome by using oxygen enriched air segments.
Traditional strategies for the scale-up of bioprocesses are based on constant k L a values, dimensionless numbers (e.g., Damkoehler number), or geometrical similarities (Marques et al., 2010) . In our case, upscaling without losing the miniaturization advantages (diffusion distance, high surface area) might be successful by parallelization (numbering-up) of the tubular setup (Warikoo et al., 2012; Wohlgemuth et al., 2015) . In that respect a bundle of only thirty parallel tubes would be required for the production of 100 g perillic acid with P. putida GS1 within one month and increasing the cumulative tube volume to one liter would yield more than 1 kg perillic acid.
Nevertheless, scale-up of this reactor format by parallelization or numbering-up poses a major challenge with respect to the low product concentrations and comparatively high efflux stream
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However, the implementation of this technology at industrial scale is rather difficult at this stage and has to be evaluated carefully on a techno-economical basis. It might very well possible, that the low product concentrations obtained in this continuous process require, based on the adsorption isotherm, too high amounts of the adsorbent material making the process inefficient from an economical point of view. Additionally, we have encountered a significant limonene loss of approximately 50% after 12 days of continuous operation due to tube swelling and evaporation via tubing connectors. These issues can be addressed by applying more adequate materials for the growth substratum (e.g., expanded PTFE) and improved reactor design with tube connectors.
In conclusion, the continuous multi-step biotransformation of limonene to perillic acid is possible in a tubular biofilm reactor at comparable productivities achieved for the one-step hydroxylations of cyclohexane (~10 g L tube -1 d -1 ) or (S)-styrene oxide (46 g L tube -1 d -1 ) (Karande et al., 2014) .
In addition, the product perillic acid could be recovered and purified for potential further applications. Thus, this biofilm reactor concept may be transferred to other reactions involving volatile reactants and toxic end-products to perform efficient preparative multi-step biocatalysis.
Figure Legends The error bars were retrieved from standard deviations of two independent cultivations and assays (biological duplicates). 
Experiments were carried out in M9* with citrate as sole carbon and energy source and the error bars refer to standard deviations obtained from two independent cultivations (biological duplicates). 
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